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We consider a scenario in which an extra bottom Yukawa coupling can drive electroweak baryoge-
nesis in the general two-Higgs doublet model. It is found that the new bottom Yukawa coupling with
O(0.1) in magnitude can generate the sufficient baryon asymmetry without conflicting existing data.
We point out that future measurements of the bottom Yukawa coupling at High-Luminosity Large
Hadron Collider and International Linear Collider, together with the CP asymmetry of B → Xsγ
at SuperKEKB provide exquisite probes for this scenario.
I. INTRODUCTION
Existence of the baryon asymmetry of the Universe
(BAU) is firmly established by various cosmological ob-
servations such as the cosmic microwave background and
big-bang nucleosynthesis [1]. However, its origin is still
unclear, which motivates one to search for physics beyond
the Standard Model (SM).
A plethora of baryogenesis scenarios have been pro-
posed so far. After the discovery of the Higgs boson
at Large Hadron Collider (LHC) in 2012 [2], a signifi-
cant attention has been paid in particular to electroweak
baryogenesis (EWBG) [3, 4] for its close connection to
Higgs physics. One of the necessary conditions for the
successful EWBG is that electroweak phase transition
(EWPT) is strongly first order, which requires an ex-
tra particle with a mass of sub-TeV that couples to the
Higgs boson. Well-studied examples are new scalar or
vector particles that modify the Higgs potential by tree-
level mixings and/or loop effects. In addition to this
conventional cases, it is pointed out that even fermions
could induce such effect if they couple to the Higgs boson
strongly [5] (for a recent study, see Ref. [6]). But in this
case, additional bosonic degrees of freedom are needed to
evade vacuum instability.
Furthermore, CP violation relevant to EWBG often
arises from Higgs-Yukawa interactions. Therefore, the
Higgs signal strengths are inevitably modified by the new
physics (NP) effects.
Recently, the Higgs boson decay to bottom quarks has
been observed at the LHC. Its signal strength relative
to the SM expectation is 1.01± 0.12(stat.)+0.16−0.15(syst.) at
ATLAS [7] and µ = 1.04 ± 0.14(stat.) ± 0.14(syst.) at
CMS [8], respectively. While the measured values are
consistent with the SM, however, there still exist suffi-
cient room for NP.
The NP effects in the bottom sector is of great impor-
tance for B physics as well. In addition to the on-going
LHCb experiment, Belle-II at KEK will start collecting
data (phase 3) in early 2019 and accumulate it up to 50
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ab−1 by 2024. One of the goals is to search for CP vio-
lation beyond the Cabibbo-Kobayashi-Maskawa (CKM)
framework [9]. It is of broad interest whether such a CP
violation can be related to the BAU.
In this paper, we consider a scenario in which ad-
ditional bottom Yukawa coupling is responsible for the
BAU and discuss its implications to collider phenomenol-
ogy as well as B physics, especially B → Xsγ. We take
the general two Higgs double model (G2HDM) [10] as
a benchmark model. For previous studies of EWBG
in the model, see, e.g., Refs. [11–17]. For instance, in
Ref. [16] a scenario in which BAU is sourced by new
CP violation in the up-type Yukawa couplings is consid-
ered. This EWBG scenario is very efficient as long as
an extra top Yukawa coupling is complex and O(0.1-1)
in magnitude. In such a case, there is no strong moti-
vation to consider additional CP violation in the down-
type Yukawa couplings. In the current analysis, how-
ever, we explore the EWBG possibility assuming that
the up-type Yukawa couplings do not provide any new
CP violation. Therefore, the current analysis is com-
plementary to the above top-driven scenario. While it
is also discussed that the CP violation required to gen-
erate BAU may also come from a flavor-changing bot-
tom Yukawa coupling [14] and evade the constraint from
electric dipole moments (EDMs) of electron, however, it
is well known fact that the flavor-diagonal Yukawa cou-
plings are much more efficient [12, 13, 15, 16]. Therefore,
such possibilities should also be clarified in the bottom
transport scenario. In contrast to the claim of Ref. [14],
we cannot find any successful EWBG regions utilizing
the flavor-changing bottom Yukawa coupling in our nu-
merical analysis.
We point out that the extra flavor-diagonal bottom
Yukawa coupling of O(0.1) in magnitude can offer the
successful EWBG without upsetting existing experimen-
tal constraints. It is found that, except some corner
of the parameter space, most EWBG-viable regions can
fully be covered by Higgs signal strength measurements
at High-Luminosity LHC (HL-LHC) and future collid-
ers such as International Linear Collider (ILC). Besides,
such scenario can also be tested by B physics observ-
ables, especially the branching ratio and CP asymmetry
of B → Xsγ at SuperKEKB.
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2The paper is organized as follows. In Sec. II we discuss
about the formalism for EWBG via bottom transport.
Sec. III is dedicated for the experimental constraints on
the parameter space which is relevant for baryogenesis.
The results are summarized in Sec. IV, with some discus-
sions and conclusion in Sec.V.
II. BAU VIA BOTTOM TRANSPORT
The Yukawa interactions of the G2HDM in a generic
basis are parametrized as
−LY = f¯L(Y1Φ1 + Y2Φ2)fR + H.c, (1)
where Φ1,2 are the Higgs doublets whose vacuum expec-
tation values (VEVs) are parametrised as v1 and v2, re-
spectively and f = u, d, e. In the mass eigen-basis of the
fermions and Higgs bosons, one has
−LY 3 f¯LyfφfRφ+ u¯
[
V ρdPR − ρu†V PL
]
dH+ + H.c,
(2)
where PL,R = (1 ∓ γ5)/2, V is the CKM matrix, H+ is
charged scalar and φ = h,H,A, with h is identified as
125 GeV boson, and H and A are CP-even and CP-odd
scalars respectively. yfφ are the 3 × 3 matrices defined,
respectively, as
yfhij =
λfi√
2
δijsβ−α +
ρfij√
2
cβ−α, (3)
yfHij =
λfi√
2
δijcβ−α −
ρfij√
2
sβ−α, (4)
yfAij = ∓
iρfij√
2
, (5)
where i, j are flavor indices, λfi =
√
2mfi /v (v =√
v21 + v
2
2 = 246 GeV), sβ−α = sin(β − α) and cβ−α =
cos(β−α) with α being the mixing angle between h and
H while β = tan−1(v2/v1). The negative (positive) sign
in Eq. (5) is for the up (down)-type fermions. The 3× 3
matrices ρf are in general complex and can break CP
explicitly and/or induce the flavor-changing processes.
Note that the Yukawa coupling for h is reduced to the
SM in the limit of cβ−α → 0 (alignment limit). In the
current study, we consider the case in which ρutt, ρ
d
bb, and
ρeee are non-zero and set all other ρij = 0 for simplicity.
Furthermore, ρutt is assumed to be real (for a complex
ρtt case, see Ref. [16]). As discussed below, the nonzero
ρeee plays a pivotal role in realizing a cancellation mech-
anism in electric dipole moment (EDM) of electron [16].
Hereafter, we omit the superscripts of ρ’s for notational
simplicity.
As demonstrated in Refs. [13, 16], with a specific ansatz
for Y1,2 ρbb is given by
1
Im(ρbb) = − 1
λb
Im[(Y1)bs(Y2)
∗
bs]. (6)
Therefore, ρbb is correlated with the b-s changing inter-
actions in the symmetric phase, where the Higgs VEVs
are zero. This correlation is also confirmed in a basis-
invariant manner in Ref. [13]. Since we consider the
VEVs as the small perturbation in calculating the BAU
(VEV insertion approximation [18]), the CP-violating
source term arising from the b-s transitions takes the
form
SCPV = CBAUIm[(Y1)bs(Y2)
∗
bs], (7)
where CBAU denotes a dynamical factor for the scattering
processes among the bottom/strange quarks and bubble
wall (for the explicit form, see Refs. [15, 16]). While
this baryogenesis mechanism is the same as in Ref. [14],
the correlation of Eq.(6) is unclear in [14], leading to
different phenomenological consequences. More explic-
itly, the BAU-related CP violation seems correlated with
ρbs rather than ρbb so that there is no severe EDM con-
straints, which is in stark contrast to our case and other
work [12, 13, 15, 16]. In principle, ρbs EWBG could be
possible as is the case of ρtc EWBG discussed in Ref. [16].
To this end, however, ρbs has to be O(1) in magnitude,
which is not allowed experimentally.
We calculate the BAU using closed-time-path formal-
ism applied in Refs. [13–16, 18, 19] 2. The relevant parti-
cle number densities in our scenario are {Q3 = ntL +nbL ,
T = ntR , B = nbR , S = nsR , H = nH+1
+ nH01 + nH+2
+
nH02 }, which are expanded to the leading order in the
chemical potential µ as nb,f = T
2µkb,f/6, with b (f) be-
ing bosons (fermions). One finds that kb(f) = 2(1) in the
massless limit. The coupled diffusion equations for those
number densities in the plasma frame are given by
∂µj
µ
Q3
= −ΓYt(ξQ3 + ξH − ξT )− Γ−Mt(ξQ3 − ξT )
− 2ΓssN5 + SbL , (8)
∂µj
µ
T = ΓYt(ξQ3 + ξH − ξT ) + Γ−Mt(ξQ3 − ξT )
+ ΓssN5, (9)
∂µj
µ
H = −ΓYt(ξQ3 + ξH − ξT ) + ΓYbs(ξQ3 − ξH − ξS)
− ΓHξH , (10)
∂µj
µ
B = ΓssN5, (11)
∂µj
µ
S = ΓssN5 − SbL , (12)
1 Since the exemplified Yukawa ansatz leads to massless strange
quark, we do not use it in our numerical calculation and take
more realistic Yukawa ansatz.
2 While a lot of efforts have been made in developing the BAU
calculation using closed-time-path formalism [13–22], there still
exist theoretical challenges that prevent one from obtaining the
robust value (for a review, see, e.g, Ref. [4]).Theoretical uncer-
tainties are addressed when interpreting our results.
3where ξi = ni/ki, N5 = 2ξQ− ξT − ξS − 8ξB , and ∂µjµi =
n˙i −Di∇2ni with Di denoting a diffusion constant. SbL
denotes the CP-violating source term induced by (Y1,2)bs
while ΓYt , Γ
−
Mt
, ΓH and Γss are the rates by top-Higgs
interactions, top-bubble wall interactions, Higgs number-
violating interactions and strong sphaleron [23], respec-
tively. Since ΓYt ,Γss  Γ−Mt the above coupled equations
can be reduced to a single differential equation for H
[14, 22, 24]: H˙−D¯∇2H+Γ¯H− S¯+O(1/Γss, 1/ΓYt) = 0,
where S¯ = kH(kQ3 − 7kT + kB)SbL/(a + b) with a =
kH(9kQ3 + 9kT + kB) and b = 9kQ3kT + kQ3kB + 4kT kB
(for D¯ and Γ¯, see Ref. [14]). After transforming from the
plasm frame to the wall rest frame (z → z¯ = z+vwt with
vw being the bubble wall velocity), SbL(z¯) ∝ vw∆β/Lw,
where ∆β is a variation of β during the EWPT and Lw
the bubble wall width.
One can find the total left-handed number density as
nL(z¯) ' r2v
2
w
ΓssD¯
(
1− Dq
D¯
)
H(z¯) +O(1/ΓY ), (13)
where r2 = kHk
2
B(5kQ3 + 4kT )(kQ3 + 2kT )/a
2, Dq is
the quark diffusion constant. Assuming that Γ¯(z¯) is
nonzero and constant for z¯ > 0, one gets H(z¯) '
evw z¯/D¯kHLwSbL
√
a/
√
(Γ−Mt + ΓH)
(
kH(a+ b)D¯
)
, where
we also take the limits of 4D¯Γ¯ v2w and Lw
√
Γ¯/D¯  1.
To leading order in our calculation, the Lw dependence
in H(z¯) dependence drops out since SbL ∝ 1/Lw.
After solving a diffusion equation for the baryon num-
ber density (nB) [19, 20, 25], one finds
nB =
−3Γ(sym)B
2Dqλ+
∫ 0
−∞
dz′ nL(z′)e−λ−z
′
, (14)
with λ± =
[
vw ±
√
v2w + 4RDq
]
/2Dq, Γ
(sym)
B is the B-
changing rate via sphaleron in the symmetric phase and
R = 15Γ(sym)B /4.
One comment on an approximation adopted in
Ref. [14] is that the CP-conserving source term induced
by (Y1,2)bs is treated as the next-to-leading order due to
the fact that it is smaller than the corresponding term
induced by the top quark, and thus neglected. However,
naively, the numerical impact of such a term may not be
negligibly small. If so, the BAU based on Ref. [14] would
be overestimated. In our numerical analysis, we regard
the dropped term as the part of the theoretical uncertain-
ties and defer the improvement of the BAU calculation
to future work.
Note that EWBG becomes ineffective if vw approaches
to zero or gets bigger than about the speed of sound in
the plasma (1/
√
3 ' 0.58). In Ref. [26, 27], however,
it is found that 0.1 . vw . 0.6 in the softly-Z2 broken
2HDMs, where the stronger EWPT corresponds to larger
vw. Since there is no serious study on vw in the G2HDM,
we take vw = 0.4 as a reference value. For numerical
estimate of nB , we take Dq = 8.9/T and Γ
(sym)
B = 5.4×
10−6T and Γss = 3.2×10−3T with T being temperature.
We find the BAU-viable regions by requiring that YB =
nB/s should be greater than the observed value Y
obs
B =
8.59× 10−11 [28], where s denotes the entropy density.
The BAU can survive after the EWPT if the B-
changing process is sufficiently suppressed. The rough
criterion of the B preservation is given vC/TC & 1, where
TC denotes a critical temperature and vC is the Higgs
VEV at TC . In our numerical analysis, we calculate
vC/TC using a finite-temperature one-loop effective po-
tential with thermal resummation.
III. EXPERIMENTAL CONSTRAINTS
Before showing the numerical results, we first outline
the experimental constraints relevant to our study. The
ρbb coupling is constrained by several existing measure-
ments such as Higgs signal strengths, branching ratio
of B → Xsγ (B(B → Xsγ)), EDM and the asymme-
try of the CP asymmetry between charged and neutral
B(B → Xsγ) decay (∆ACP).
First we consider constraints from Higgs signal
strength measurements. The presence of non-zero cβ−α
and ρij modify the h boson couplings yhff , as can be seen
from Eq.(3). As a result ρbb receives stringent constraint
if cβ−α is non-zero. For our analysis we incorporate the
Run-2 combined measurements of Higgs boson couplings
by CMS [29]. The result is based on
√
s = 13 TeV pp col-
lision with 35.9 fb−1(2016 data) and summarizes different
signal strengths µfi for a specific decay mode i→ h→ f .
The signal strength µfi is defined as
µfi =
σiBf
(σi)SM(Bf )SM = µiµ
f , (15)
where σi is the production cross section for i →
h and Bf is the branching ratio for h → f ,
with i = ggF, V BF, Zh, Wh, tth and f =
γγ, ZZ, WW, ττ, bb, µµ. We follow Refs. [10, 30–32]
for the expressions of different µfi . In particular, we take
two production modes, gluon fusion (ggF ) and vector bo-
son fusion (V BF ) in our analysis. We find that for the
ggF category, the sensitive decay modes are µγγggF , µ
ZZ
ggF ,
µWWggF and µ
ττ
ggF , while µ
γγ
V BF , µ
WW
VBF and µ
ττ
V BF for V BF ;
these can be found from Table. 3 of Ref. [29]. Addition-
ally, we also consider the recent observation of h → bb¯
in V h production by ATLAS [7] and CMS [8]. In order
to determine the constraint on ρbb, we combine all these
measurements and refer them together as “Higgs signal
strength measurements”.
We now turn our attention to B(B → Xsγ) constraint.
B(B → Xsγ) receives contribution from charged Higgs
and top quark loop, which modifies the leading order
(LO) Wilson coefficient C
(0)
7,8 at the matching scale µ. At
the matching scale µ = mW the LO Wilson coefficients
are defined as
C
(0)
7,8(mW ) = F
(1)
7,8 (xt) + δC
(0)
7,8(µW ), (16)
4where xt = (mt(mW )/mW )
2, mt(mW ) MS running mass
of top at mW , and F
(1)
7,8 (x) can be found in the Ref. [33]
(see also Ref. [34]). The second term in Eq.(16) arise
from the charged Higgs contribution, which is, at LO,
expressed as [35]
δC
(0)
7,8(mW ) '
|ρtt|2
3λ2t
F
(1)
7,8 (yH+)−
ρttρbb
λtλb
F
(2)
7,8 (yH+), (17)
with yH+ = (mt(mW )/mH+)
2, while the expression for
F
(2)
7,8 (yH+) are given in Ref. [33]. In order to find con-
straint on ρbb, we follow the prescription of Ref. [36] and
define
Rexp =
B(B → Xsγ)exp
B(B → Xsγ)SM . (18)
The current world average of B(B → Xsγ)exp extrap-
olated to photon energy cut E0 = 1.6 GeV is (3.32 ±
0.15) × 10−4 [37], while the next-to-next-to LO predic-
tion in SM for the same photon energy cut is B(B →
Xsγ)SM = (3.36 ± 0.23) × 10−4 [38]. We then demand
Rtheory = B(B → Xsγ)G2HDM/B(B → Xsγ)SM based
on our LO calculation. We take the matching scale and
low-energy scale as mW and mb(mb) respectively, and
demand Rtheory does not exceed 2σ error of Rexp.
Recently, ACME Collaboration put a new constraint
on electron EDM (de), |de| < 1.1×10−29 e cm [39], which
is the most sensitive constraint on Im(ρbb).
3 As widely
studied, the two-loop Barr-Zee diagrams [44] are the lead-
ing contributions to de in the 2HDM [45]. It is found
that our ρbb-EWBG scenario would be virtually excluded
by the new de bound unless the cancellation mechanism
or the alignment limit are invoked [16]. In the former
case, for example, one gets |de| = 1.8 × 10−29 e cm for
Imρbb = 0.1. This can be made smaller than the current
experimental upper bound by turning on ρee as Reρee = 0
and 0.06 . Imρee/(λeλb) . 0.3 that induce other Barr-
Zee diagrams with the opposite sign. In the latter case,
all the EDM contributions are simply decoupled. In what
follows, we assume the former in which phenomenological
consequences are rich.
The direct CP asymmetry ACP [46] of B → Xsγ also
offers a very sensitive probe for Im(ρbb). However, it has
been proposed [47] that ∆ACP, i.e. the asymmetry of the
CP asymmetry for the charged and neutral B → Xsγ
decay is even more powerful for probing CP violating
effects. ∆ACP is defined as [47]
∆ACP = AB−→X−s γ −AB0→X0sγ ≈ 4pi2αs
Λ˜78
mb
Im
(
C8
C7
)
,
(19)
3 We have confirmed that neutron and Mercury EDMs in our sce-
nario are smaller than the current experimental bounds [40, 41]
by two- and one-order magnitude, respectively, where the esti-
mates are based on Refs. [42] and [43]. Note that a cancellation
scenario described below does not change this situation.
where Λ˜78 is a hadronic parameter, αs is the strong cou-
pling constant at mb(mb). Recently, Belle experiment
reported that ∆ACP = (+3.69 ± 2.65 ± 0.76)% [48] 4,
where the first uncertainty is statistical and the second
one is systematic. In order to find the excluded region
for ρbb, we utilize Eq. (19), and allow 2σ error on the
measured value of ∆ACP. In finding the constraint, we
have utilized the LO Wilson coefficients as in Eq. (16)
as first approximation. The hadronic parameter Λ˜78 is
expected to be ∼ ΛQCD, and estimated to be in the range
of 17 MeV < Λ˜78 < 190 MeV [47]. In our analysis we
take the average value of Λ˜78 = 89 MeV as a reference
value. We remark that this constraint heavily depends
on the value of Λ˜78 and becomes weaker for the smaller
values of Λ˜78.
IV. RESULTS
For illustration we set cβ−α = 0.1 and assume that
mH = mA = mH± = 600 GeV, however the impact of
other choices will be discussed later part of this paper.
Furthermore, we take tanβ = 1 and M = 400 GeV,
where M is a mixing mass parameter of the two Higgs
doublet in a generic basis. This parameter choice corre-
sponds to λ1 = 4.7, λ2 = 2.4, λ3 = 3.7, λ4 = λ5 = −3.3
and λ6 = λ7 = 0 with the notation of Ref. [15].
5 With
this choice, we have TC = 112.4 and v(TC) = 191.3
GeV. For the input parameters for the YB calculation,
we take the parameters employed in Refs. [15, 16]. One
comment we should make here is that YB is linearly
proportional to ∆β. Since its numerical value is un-
known in the current model, we infer it from the re-
sults in the minimal supersymmetric standard model,
i.e., ∆β = O(10−4 − 10−2) [50]. Note that ∆β tends
to be suppressed in the SM-like limit which is realized by
the large mA limit. In the 2HDM, however, the SM-like
limit are controlled by both the heavy Higgs spectrum
and cβ−α. Since we do not take the exact alignment limit
(cβ−α = 0), ∆β would not be so suppressed compared to
the MSSM case with the same value of mA. With this
consideration, we take |∆β| = 0.015 as a reference value.
In Fig. 1, the BAU-viable regions are shown with the
current experimental constraints discussed above. We
take ρtt = λt (left panel) and 0.1 (right panel), respec-
tively. The regions of |Im(ρbb)| & 0.058 give YB/Y obsB >
1, which are indicated by the blue solid contours. Note
that the regions of Re(ρbb) ≷ 0 and Im(ρbb) ≷ 0 corre-
spond to ∆β ≷ 0, respectively. The shaded regions in
4 We are grateful to Akimasa Ishikawa for pointing out the
changed central value and errors of ∆ACP in the latest version
of Ref. [48].
5 It is found that λ1(Q) > 4pi at Q = 2.7 TeV and the Landau pole
occurs at Q = 7.4 TeV using one-loop renormalization equations.
Such a low cutoff is a generic consequence of the strong first-order
EWPT in 2HDMs [12, 27, 49].
5FIG. 1. YB/Y
obs
B = 1 contours (blue solid contours) and the 2σ excluded limits of the Higgs signal strengths (gray shaded
regions), B(B → Xsγ) (purple shaded regions) and ∆ACP (red dash-dotted curves) are shown, respectively. We take cβ−α = 0.1,
mH = mA = mH± = 600 GeV, ρtt = λt (left) and ρtt = 0.1 (right).
gray (purple) are ruled out by the Higgs signal strength
measurements (B(B → Xsγ)) at the 2σ level, while the
2σ exclusion limits of ∆ACP are indicated by the red
dash-dotted curves (with the regions above the dash-
dotted curve is excluded). In our analysis, we sym-
metrized the errors in the Higgs signal strength measure-
ments for simplicity. One can see that the EWBG-viable
regions are rather limited by these current experimen-
tal constraints. For ρtt = λt, the regions conforming
Im(ρbb) & 0.058 are excluded by ∆ACP measurement
(Fig. 1 [left]), however, negative Im(ρbb) can still sustain
YB/Y
obs
B > 1, but |Im(ρbb)| cannot be & 0.1. Note that
in Fig. 1 [left], the ∆ACP constraint excludes the EWBG-
viable regions for Im(ρbb) > 0. This is because the non-
zero and positive central value of the Belle ∆ACP mea-
surement [48] and our choice of real and positive ρtt = λt
in the left panel of Fig. 1. E.g. if one chooses ρtt = −λt,
∆ACP constraint would exclude EWBG-viable regions
for Im(ρbb) < 0, however, would allow the parameter
space for Im(ρbb) > 0. If ρtt = 0.1, on the other hand,
|Im(ρbb)| can reach around 0.2 and the EWBG-viable re-
gions are expanded (Fig. 1 [right]). Note that ∆ACP does
not give any useful bounds in this case. We note in pass-
ing that if we do not assume the cancellation mechanism
for de, the current bound would exclude the regions of
|Im(ρbb)| & 0.06, excluding the most EWBG-viable re-
gions. We further remark that the current constraints in
Fig. 1, heavily depend on cβ−α, ρtt and mH± . For exam-
ple, in the alignment limit, the constraint from Higgs sig-
nal strength measurements i.e. gray shaded region would
vanish. This is clear from the expression of yfhij (see
Eq.(3)), where the terms proportional to ρij are modu-
lated by cβ−α. Moreover, B(B → Xsγ) and ∆ACP do
not depend on cβ−α, the constraints from them will re-
main even for cβ−α = 0. However, these two constraints
vanish if ρtt = 0 and/or mH± becomes too heavy. In such
special case, i.e. when ρtt = 0 and cβ−α = 0, constraint
on |Im(ρbb)| could be milder.
Now we discuss future prospects. The future measure-
ments of these observables from Belle-II, full HL-LHC
dataset (3000 fb−1) will also provide very sensitive probe.
It will be nonetheless interesting to find out the param-
eter space for ρbb assuming future projections of these
constraints. In order to find the constraints from future
projections, we adopt two different scenarios. In the first
scenario (Scenario-1), we assume the central values of the
future measurements for all these constraints are same as
in SM, while in the second scenario (Scenario-2) the cen-
tral values are assumed to remain same as in the current
measurements. The parameter space for ρbb with the pro-
jections in Scenario-1 are summarized in Fig. 2, while the
projections with Scenario-2 are shown in Fig. 3.
Let us discuss the impact of these future projections in
detail. The full HL-LHC dataset is expected to measure
µγγggF , µ
ZZ
ggF , µ
WW
ggF , µ
γγ
V BF and µ
WW
VBF very precisely, lead-
ing to very stringent constraint on ρbb. For example, with
an integrated luminosity of 3000 fb−1, the projected rela-
tive uncertainties by ATLAS and CMS [51, 52] are ∼ 5%
for µγγggF , µ
ZZ
ggF , µ
WW
ggF , and ∼ 10% for µγγV BF , µWWVBF , re-
spectively. We find the 2σ orange dot-dashed contours
in Figs. 2 and 3, assuming Scenario-1 and 2, respectively.
In addition to these limits, ILC could measure [53] the
hbb coupling at 1.1% (1σ) accuracy (relative to its SM
value) in the 250 GeV program (2 ab−1 data). We show
this projected limit (2σ exclusion) by the black dotted
contours in Figs. 2 and 3.
Belle-II will also provide stringent constraint. The pro-
jected 2σ exclusion form B(B → Xsγ) are shown in
Figs. 2 and 3 by green solid contours, while projection
for ∆ACP is shown by red dashed contours. In find-
6FIG. 2. Same as in Fig. 1 but future experimental sensitivities of HL-LHC (orange dash-dotted curves), ILC (black dotted
curves) and Belle-II (green solid curve for B(B → Xsγ) and red dotted curves for ∆ACP) are also overlaid. The central values
for the future projection is assumed to be the same as in SM (Scenario-1).
FIG. 3. Same as in Fig. 2 but the central values for the future projection is assumed to be the same as in the current
measurements (Scenario-2).
ing these contours, we adopted similar strategy as in the
HL-LHC projection of the Higgs signal strength measure-
ments and take two different scenarios for central values.
For B(B → Xsγ), we utilize the 3.2% relative uncertainty
for Belle-II with 50 ab−1 data [54], in our analysis. This
projected uncertainty is for the leptonic-tag B(B → Xsγ)
and is smaller than hadronic-tag or the combination of
the both. On the other hand, projected Belle-II (50 ab−1)
absolute uncertainty for ∆ACP is 0.3% [54].
It is clear that the future measurements offer excel-
lent test for EWBG via bottom transport. These future
measurements may indeed discover ρbb driven EWBG. A
discovery (5σ) would be intriguing. However, it would re-
quire larger ρbb compared to the projected exclusion lim-
its (2σ) of the different measurements as shown in Figs. 2
and 3. A large part of the EWBG-viable regions can be
probed by these future measurements. For example, in
Scenario-1, if ρtt = λt (left panel of Fig. 2), constraints
from HL-LHC (orange dot-dashed contours) and ILC-250
(black dotted contours) mutually exclude the regions re-
quired for YB/Y
obs
B > 1. Additionally, in this scenario,
red dashed contours from future ∆ACP measurement lie
below |Im(ρbb)| = 0.058. However, if ρtt ∼ 0.1, there ex-
ist regions where |Im(ρbb)| & 0.058. Situation becomes
completely different for Scenario-2. In this scenario, HL-
LHC, ILC-250 and ∆ACP mutually exclude all of the
7regions that can support YB/Y
obs
B > 1 both for ρtt ∼ λt
and ρtt ∼ 0.1. This can be seen easily from Fig.3. 6
However, we stress again that the excluded regions from
future projections depend on the assumptions made on
the parameters while generating Figs. 2 and 3. As dis-
cussed earlier, the constraints from HL-LHC Higgs signal
strength measurements and ILC-250 vanish if cβ−α = 0.
Besides, the constraints from B(B → Xsγ) and ∆ACP
would also vanish if ρtt = 0 and mH± becomes heavy.
In such scenarios, there exist finite parameter space for
|Im(ρbb)| to sustain YB/Y obsB > 1.
V. DISCUSSIONS AND CONCLUSION
The interpretation of the EWBG-viable regions need
some caution. As discussed in Ref. [15], the BAU is
subject to significant theoretical uncertainties (see also
Ref. [4]). For example, we make use of the VEV inser-
tion approximation that may lead to the overestimated
BAU. Likewise, as mentioned above, ignorance of the CP-
conserving term induced by the (Y1,2)bs could also yield
the overestimated BAU. In addition to those computa-
tional issues, impreciseness of the input parameters are
also the source of the theoretical uncertainties. In par-
ticular, if ∆β is found to be one-order magnitude smaller
than the value we take here, the BAU would get smaller
by one-order magnitude, eliminating the EWBG-viable
regions. Furthermore, there exists a discrepancy between
the CP-violating source term calculated by our method
and the one by semi-classical force [12] (see also Ref. [25]).
Since the former is first order in derivative while the latter
is second in derivative, the BAU obtained by the latter
scheme would become lower. Therefore, improvement of
the BAU calculation is crucially important for the test of
the scenario. If ρbb turns out to be deficient to drive the
sufficient BAU in more refined calculation, the ρtt/ρtc-
EWBG discussed in Ref. [16] would be the unique mech-
anism for baryogenesis in the G2HDM by virtue of their
wider viable parameter space. Nonetheless, the defini-
tive conclusion cannot be made until the refined BAU
calculation is available.
The constraints from B(B → Xsγ) and ∆ACP mea-
surements can probe significant portion of the EWBG-
viable parameter space. The ∆ACP measurement with
full Belle-II 50 ab−1 dataset can probe |Im(ρbb)| & 0.1
in Scenario-1 or even can rule out entire BAU-viable re-
gion completely in Scenario-2, even for ρtt ∼ 0.1. Al-
though our assumptions on the central values for future
measurements (i.e. Scenario-1 and Scenario-2) are very
6 Note that the other orange contour lies in the right hand side
of the existing orange contour beyond the range shown in Fig.3
[right]. Besides, the red dashed contours for the future ∆ACP
measurement lie far below Im(ρbb) = 0. Hence, HL-LHC, ILC-
250 and future ∆ACP mutually exclude the entire BAU-viable
regions in Fig.3 [right].
indicative, however, we stress that the program should
be revisited after the actual future measurements. The
recent measurements of ACP and isospin violating asym-
metry (∆0+) of B → K∗γ decay by Belle [55] may also
provide complementary probe for Im(ρbb), although the
theoretical predictions of these observables in general suf-
fer from sizable uncertainties [56].
EDM probes could come into play if their measure-
ments are significantly improved or newly available. For
example, proton EDM, which is expected to reach ∼
10−29 e cm at Brookhaven National Laboratory [57],
could give a good opportunity to confirm our scenario
since our prediction is around 10−28 e cm. Follow-up
studies along this line are worth pursuing.
The future updates from HFLAV for the global average
of B(B → Xsγ) would also play a major role in constrain-
ing BAU-viable region, if ρtt is not vanishingly small. In
this regard, we remark that the Bq − B¯q (q = d, s) mix-
ing [35] and the recent discovery of tt¯h [58, 59] would
provide independent probes [32] for ρtt.
The Higgs signal strength measurements at HL-LHC
would be complementary in probing ρbb regardless of the
value of ρtt, however cβ−α should not be very small. It
should be noted that |Im(ρbb)| can not be too large for
non-zero cβ−α. The current limit on the h boson total
width Γh < 0.013 GeV (95% CL) [1] sets upper limit
on |ρbb| if cβ−α 6= 0. Utilizing this limit we find that for
Re(ρbb) = 0 and cβ−α = 0.1, |Im(ρbb)| . 0.36 at 95% CL.
In determining the upper limit on |Im(ρbb)| we used LO
decay width of h for simplicity. We also remark, like Run
1 combination [60], a Run 2 combined fit of ATLAS and
CMS Higgs signal strengths would be more indicative.
Further, our study illustrates, ILC 250 GeV run might
probe ρbb better than HL-LHC. It is not surprising that
ILC, even its 250 GeV program, presents better probe
for NP in bottom Yukawa than HL-LHC.
Also, LHC might offer direct detection of ρbb driven
EWBG. A non-zero Im(ρbb) induces gg → bb¯A(H) →
bb¯ZH(A) process if mA > mH +mZ (mH > mA +mZ).
This process provides unique probe for the EWBG, even
for cβ−α = 0 and/or ρtt = 0. Notwithstanding, if cβ−α is
not too small direct detection program can cover gg →
bb¯A → bb¯Zh. A discovery would be intriguing. Further-
more, for moderate values of ρtt, gg → tt¯A/tt¯H → tt¯bb¯
with leptonic decays of at least one top and A/H → bb¯
could be interesting. These would be studied elsewhere.
In conclusion, motivated by recent discovery of Higgs
boson decay to bottom quarks, we have analyzed the
possibility of EWBG by extra bottom Yukawa ρbb in
the G2HDM. After satisfying all existing constraints, we
found that indeed ρbb can generate successful BAU, how-
ever, |Im(ρbb)| required to be & 0.058. For a wide range
of parameter space, future measurements from Belle-II,
Higgs signal strengths at HL-LHC and ILC will provide
exquisite probes for such scenario. If the additional scalar
and pseudoscalar are in the sub-TeV range, the program
can also be covered by direct searches at LHC.
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